New aspects related to the redistribution of magnetic particles concentration in a magnetic fluid caused by magnetophoresis and Brownian diffusion in a nonuniform magnetic field are considered. These aspects deal with the influence of these processes on the pressure redistribution and levitation of bodies in a magnetic fluid. It is shown that due to these processes the pressure force acting on bodies changes significantly with time and can be reduced dozens of percent if compared to a homogenous fluid.
Introduction. Since the magnetic fluid is a colloid of magnetic particles, the processes of magnetophoresis and Brownian diffusion have to take place in them in the presence of a strong nonuniform magnetic field [1] . Of special interest is the influence of these processes on the statics of magnetic fluids [2, 3] . It might be important in many magnetic fluid devices such as sensors [4] and dampers based on the levitation of magnets and nonmagnetic bodies in a magnetic fluid. This effect is caused by the redistribution of the particle concentration C in a magnetic fluid under the action of nonuniform magnetic field. Due to magnetophoresis, magnetic particles are concentrated in those regions, where the magnetic field intensity H is larger. Accordingly, the fluid magnetization M increases in these regions. Since the volume magnetic force acting in the magnetic fluid is defined as a product of fluid magnetization and field gradient, it is determined by these processes and changes with time. Also, the pressure distribution and the pressure force acting on the bodies placed in a magnetic fluid have to change with time and differ from a homogeneous fluid.
Governing equations and steady one-dimensional solution.
The classical theory of Brownian diffusion [5] is used further. It leads to the following dimensionless equations for the concentration C [2] :
The dimensionless magnetic parameter U = µ 0 m m H 0 /kT represents the ratio of the potential energy of a particle with magnetic moment m m in a magnetic field H 0 to its thermal energy kT . Here, µ 0 is the magnetic permeability of vacuum, Λ = Λ (U H) is the Langevin function, and i is the mass flux density of particles.
The zero normal component of the mass flux density of particles is taken as the boundary condition and the initial distribution of magnetic particle concentration is assumed constant (C = 1).
As it is shown in [2] , the stationary mechanical equilibrium in a magnetic fluid exists if the boundaries of the magnetic fluid volume are immovable, isothermal and impermeable for magnetic particles.
One can trace the main features of magnetophoresis and Brownian diffusion effect on the pressure distribution and buoyancy force in a magnetic fluid most distinctly by the example of one-dimensional situation. Let us assume that the parallel-sided layer of a magnetic fluid has a thickness h and is in a nonuniform magnetic field with the gradient perpendicular to the layer. If the y-axis is perpendicular to the layer, it means that the boundaries of the layer are y = 0 and y = h, and H = H(y), C = C(y). Let us assume that the boundary y = 0 is free and the pressure on it is equal to the pressure p 0 of gas over it, and the boundary y = h is solid. Both boundaries are impermeable for magnetic particles. Let also the magnetic fluid be in the saturation state (M = M s , Λ = 1) and the magnetic field gradient be constant, i.e., dH/dy = G = const. Take h as a scale for coordinates, H 0 = Gh as a scale for magnetic field intensity, and µ 0 M s Gh as a scale for pressure. The dimensionless governing equations and boundary conditions for this problem with the neglecting of the magnetic pressure drop are
Corresponding solutions of these equations are
It follows that the particle concentration and the pressure exponentially increase in the direction of the magnetic field gradient. In the case of a constant concentration of magnetic particles (C = 1) the pressure distribution would be
describes the relative change of the pressure distribution and buoyancy force, acting on the nonmagnetic body partly deep into the magnetic fluid, caused by the processes of magnetophoresis and Brownian diffusion. Graphs of the relative buoyancy force are presented in Fig. 1 . First of all it should be noted that these processes lead to the decrease of the pressure and buoyancy force in the magnetic fluid. The decrease is faster when the magnetic parameter U is larger. For instance, F = 0.76 at U = 1, F = 0.54 at U = 2, and F = 0.36 at U = 3 in the middle part of the layer (at y = 0.5). The lowest C min and the largest C max values of the particle concentration take place on the boundaries of the layer y = 0 and y = 1, respectively. They are C min = 0.6 and C max = 1.6 at U = 1, C min = 0.33 and C max = 2 at U = 2, C min = 0.17 and C max = 3 at U = 3. At sufficiently high values of the magnetic parameter U the largest value of the particle concentration equals to it, i.e., C max = U . For any given configuration of the magnetic field H = H(y) and with the Langevin law of magnetic fluid magnetization, the solution of the considered problem is
Time-dependent two-dimensional problem.
Consider the levitation of a nonmagnetic body partly submerged into a magnetic fluid in a nonuniform magnetic field taking into account the above-mentioned processes of magnetophoresis and Brownian diffusion in the two-dimensional geometry. Let us assume a rectangular nonmagnetic body being placed in a rectangular vessel filled with a magnetic fluid, at a distance h from the vessel's bottom as shown in Fig. 2 . The length of the body's side parallel to the vessel's bottom is L b . The surface y = a is the free surface of magnetic fluid and the pressure of gas above it is p 0 . The height of the of body's submerged part is a − h.
A magnetic field is induced by two opposite poles N, S displaced under the bottom of the vessel at a distance d from it. For instance, they may be the poles of a permanent C-magnet. The pole sizes are L 1 and L 3 . The magnetic flux through each of them per unit length in the transverse direction is
Choose H 0 = Φ 0 /h as the scale of the magnetic field intensity. The problem is considered when the magnetic field perturbations caused by the presence of a magnetic fluid are neglected. For the field line function Ψ(x, y) (H x = ∂Ψ/∂y, H y = −∂Ψ/∂x), the Laplace equation A relative magnetic buoyancy force F acting on the nonmagnetic body in a magnetic fluid with magnetization M = M (C, H) is defined as in the previous section and calculated as The characteristic dimension for the problem is the distance h between the bottoms of the vessel and body, and the characteristic time is h 2 /D. The results given below correspond to the following values of the dimensionless geometrical parameters of the problem:
As one can see from the results presented in Figs 3 and 4, the processes of magnetophoresis and Brownian diffusion in a magnetic fluid lead to the decrease of the particle concentration around the body and time decrease of the buoyancy force. It is seen that in this situation the buoyancy force can decrease with time by more than 40% at U = 6. This decrease occurs the faster, the higher are the gradients of the magnetic field intensity, i.e., the magnetic parameter U becomes higher. Fig. 5 demonstrates the significant decrease of the steady relative magnetic buoyancy force with the increase of the magnetic parameter U . The decrease is more considerable when the size of the magnetic body L b is larger. Thus, with this size approaching the vessel size (L b = 7.92) and U = 6, the magnetic buoyancy force decreases more than twice.
It is obvious that the foregoing processes of magnetophoresis and Brownian diffusion in magnetic fluids have an effect on the fluid statics when the magnetic parameter U is larger than unity.
At a typical for the magnetic fluid magnetic moment of particles m m = 2.5 · 10 −19 J/T and at room temperature T = 300 K, the quantity U = 1 is valid at a magnetic field intensity of about 10 kA/m. In real magnetic fluid devices such as seals, dampers and sensors using strong permanent magnets the intensity of magnetic field can be much higher (up to 100 kA/m and more) and U can attain several unities and even dozens.
In conclusion it may be noted that, as it is shown in [3] , the theory presented here describes well the processes in magnetic fluid seals and the results predicted above were observed distinctly by the authors experimentally in a magnetic fluid damper.
